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Barrier propertiesNanocomposite films prepared from starch (ST) in the presence of cellulose nanocrystals (CNCs) was performed
using grape pomace as rawmaterial. CNCswere obtainedby acid hydrolysis and added to filmogenic solutions (1,
2, 5, 10 and 15 g/100 g of ST). Cellulose, CNCs and Nanocomposites were characterized. Amorphous non-
cellulosic materials were removed from the grape pomace presented values for CrI 64% and 71% and yield 12
and 70% in Cellulose and CNCs, respectively. Nanocomposites showed smaller permeability and the addition of
5 to 15% CNCs formedmore opaque films and had improved tensile strength and Young’s modulus. The addition
of CNCs from5 to 15% proved to be effective in improvingmechanical properties and decreasingwater vapor per-
meability, important characteristics in food packaging materials. This study provided an effective method to ob-
tain CNCs from the agroindustrial waste and open the way to produce high-value starch based nanocomposites.
© 2020 Elsevier B.V. All rights reserved.1. Introduction
Biodegradable packaging is usually obtained from biopolymers such
as starch, chitosan and cellulose extracted from renewable resources
such as agricultural waste or waste from food processing [1–3].
Starch (ST) is a polysaccharide widely available from different natu-
ral plant sources such as cereals, tubers and roots, also considered a
promising biopolymer because it is biodegradable, renewable and of
relatively low cost [3,4]. It is considered as a sustainable approach to
the development of renewable biomaterials [5]. Amylose and amylo-
pectin are the polymers that make up starch and are found in different
proportions according to the rawmaterial [6]. Amylopectin is responsi-
ble for starch's semicrystallinity and is a highly branchedmolecule com-
posed of linear glucose chains linked byα (1–4) glycosidic bonds in the
main chain and α (1–6) glycosidic bonds at branching points. The
chains of this molecule are arranged perpendicularly on the surface of
the granule along the main chain, so branch points are distributed to
form amorphous and crystalline lamellae [7].lho), raysabrandao@live.com
ndrelinharesrossi@gmail.com
el.freitas@embrapa.br
al).For starch to form cohesive films, degradation of the semicrystalline
structure of the molecule must occur. Thus, shear, heat and forced from
plasticizer addition are required so that the granules irreversibly lose
the semicrystalline structure and are converted into a continuous ma-
trix [8].
The use of starch-based packaging still faces obstacles because of its
water vapor permeability and limitedmechanical properties. Therefore,
this biopolymer is usually added of other materials such
nanoreinforcement, polymer blending, or chemical modification by
crosslinking reaction to improve those characteristics [9]. As an example
of this good compatibility with different biomaterials Koshy and co-
authors used soy protein and starch-based to produce green composites
[10] andMohanty & Swain [11] used starch hybrid and graphene oxide,
nano silver and sandwiched with poly(ethylmethacrylate) for packag-
ing applications.
The reinforcement of ST films with cellulose nanocrystals (CNCs)
may be a promising alternative to improve themechanical performance
anddecrease thepermeability of starchfilms, preserving the sustainable
character of final composites [12,13]. Balakrishnan et al. [9] studied the
effect of CNCs, isolated frompineapple leaf, on the starch composite and
found that inclusion of CNC to thermoplastic starch improves the rein-
forcing property. Similarly, González et al. [14] observed higher stiffness
due to increase of CNC content adding CNCs (2.5 and 5 wt%) isolated
from microcrystalline cellulose as nanoreinforcement on the starch-
1049C.C.S. Coelho et al. / International Journal of Biological Macromolecules 159 (2020) 1048–1061based nanocomposite hydrogels. In another study Vaezi et al. [15] pro-
duced alpha cellulose of cotton linter, and found the bio-
nanocomposites with 5 wt% NCC and montmorillonite showed the
best improvements in its properties as highest disintegrability rate,
good reduction inwater vapor and oxygenpermeability andmechanical
properties.
Cellulose is a linear homopolysaccharide composed of β-D-
glucopyranose units linked by β-1-4 bonds, is naturally available poly-
mers with structure presents highly ordered crystalline domains and
amorphous domains like pectin, lignin, hemicellulose etc. [16]. The rein-
forcing cellulose material in starch-based films appears particularly in-
teresting due to the chemical similarities in the polysaccharide
structure, which can lead to a good interfacial adhesion of the matrix-
cellulose [17].
The amorphous domains of cellulose can be cleaved during the pro-
duction processes of cellulose nanocrystals (CNCs) by selective hydroly-
sis using mechanical shear, chemical treatment, enzymatic hydrolysis
action or by their combination [18]. Acid hydrolysis is a well-known
strategy for CNC production [19–23] This treatment consists of longitu-
dinal sectioning of the cellulose microfibrils; so that hydronium ions
promote hydrolytic cleavage of glycosidic bonds in the amorphous do-
mains, releasing individual crystallites. The resulting nanoparticles
have dimensions and CrI that vary depending on the cellulose source
and preparation procedure [22].
CNCs can be synthesized from lignocellulosic materials, algal cel-
lulose, bacterial cellulose, microcrystalline cellulose and waste paper
[12,24–28] and its geometric dimensions and shapes depend on the
source of cellulose [29,30]. In the literature typical dimensions
range from 4–25 nm in diameter and 100–1000 nm in length, how-
ever some authors refer to nanocrystals as needle-like cellulose par-
ticles with at least one dimension equal to or b100 nm [19,31–33].
Because CNCs are nanometric particles with the interesting proper-
ties, such as: biocompatible with natural polymers, biodegradable,
non-toxic and also have high surface area and lightness, they have
been evaluated as reinforcement material for a wide range of poly-
meric matrices, aiming to replace petrochemical-based products
[34–36].
In a previous work [2] it was studied the production of the CNCs
from the Pinoir Noir grape pomace and it could find the best process
conditions for this production. In this work, besides to producing and
characterizing CNCs from Alicante Bouschet grape pomace, it was com-
pared their reinforcing efficiency and their action as a permeability
moderators at different concentrations of CNCs in starchnanocomposite
films.2. Materials and methods
2.1. Materials
The pomace of the Alicante Bouschet grape variety, obtained
from the red wine making process was used for the extraction of
cellulose nanocrystals (CNCs). The sample from 2017 harvest was
kindly provided by the Rio Sol winery (Lagoa Grande, Brazil). The
material was transported frozen and stored at −18 °C until
processed.
The grape pomacewas dried at 60 °C for 18 h, in an ovenwith air cir-
culation. The dried material was processed in a horizontal depulper
Bonina 0.25 df (Itametal, Itabuna, Brazil), to separate the seeds from
the pomace. The seeds were milled in a knife grinder A 11 (IKA Group,
Staufen, Germany) and sieved for grain-size classification within the
range from 0.177 mm to 0.425 mm (80 to 40 mesh Tyler). The milled
pomace was packed in vacuum-sealed plastic bags, protected from
light and kept at −5 °C until use.2.2. Pomace pretreatment for cellulose production and cellulose
nanocrystals
Cellulose was obtained by removing the non-cellulosic components
from the pomace according to the procedure reported by Lu & Hsieh
[37] and Coelho et al. [2] with some modifications.
The strategy consisted of four consecutive steps:
i) Treatment with ethanol solution (1:15 mpomace:vsolution) at 75 °C
for 3 h to remove wax, phenolics, pigments and oils,
ii) Treatment with 2% H2SO4 solution (1:20 mpomace/vsolution) at
90 °C for 5 h to hydrolyze polysaccharides and acid-soluble poly-
phenols,
iii) Treatment with 5% NaOH solution (1:20 mpomace/vsolution) at
90 °C for 5 h to dissolve the remaining hemicellulose, lignin
and other polysaccharides,
iv) Bleaching (1:20mpomace/vsolution) with 5% H2O2 solution, pH 11.5
(adjustedwithNaOH), at 50 °C for 8 h for two consecutive stages.
Between all steps, the solid material was washed with distilled
water until reached pH 6–7 and then dried in air circulation oven SL
102/100 (Solab, Piracicaba, Brazil) at 40 °C and 10% RH. The resulting
cellulosic pulp was frozen and lyophilized in a liophilyzer L101 (Liotop,
São Carlos, Brazil).
CNCs were obtained by hydrolyzing cellulosewith 64–65%m/m sul-
furic acid at 45 °C, under constant stirring, in the proportion of 1 g cellu-
lose:20 mL acid solution for 60 min, according to previous studies [2].
Hydrolysis was interrupted by dilution with ice. The recoveredmaterial
was washed with distilled water to pH 4.0, and subjected to successive
centrifugations (10,000 rpm, 20 min at 20 °C) until a colloidal suspen-
sion was formed. The supernatant was dialyzed using dialysis mem-
branes (Sigma-Aldrich-D9402-100FT) against ultrapure water to
neutral pH and homogenized with help of an ultrasound probe model
450 (Brason Ultrasonics Corp., Danbury, USA) set at 400 W, 20 Hz 40%
of amplitude in cycles of 5 s on and 2 s off, totaling 10 min. The use of
ice bath was necessary to avoid rise in temperature.
A diagram of the extraction cellulose process from grape pomace to
produce CNCs is shown in Fig. 1.
CNCs were kept under refrigeration (7 °C) for stability studies and
assessment of their morphologic structure by scanning-transmission
electron microscopy (STEM) or lyophilized for thermogravimetric anal-
ysis (TGA) andX-raydiffraction (XRD). The initial drymass used for acid
hydrolysis and the final mass obtained after lyophilization were consid-
ered for yield calculation.
2.3. Film development
CNCs were used at five different levels: 1, 2, 5, 10 and 15% (w/w, dry
basis) in order to prepare ST/CNCs nanocomposite film, described by
Coelho et al. [1] and Li et al. [38] with some modifications. The
filmogenic solution was prepared by mixing 2% g mL−1 of ST with
water, under stirring, (400 rpm, 21 h at ±25 °C). Subsequently, the
CNCs were added to this solution and stirred using an ultra-turrax dis-
perser T18 (IKA Group, Staufen, Germany) at 600 rpm for 20 min. The
amount of CNCs used was calculated from the concentration of the
5 g L−1 initial solution, and the water was added until working concen-
trations were achieved. The control sample did not contain CNCs. Glyc-
erol, the plasticizer, was added at a fixed concentration of 25% based on
the ST dry mass and left under stirring for 1 h.
To ensure complete dissolution of ST and the formation of a homog-
enous dispersion, the solutions were heated in a shaking water bath at
70 °C during 30 min under stirring (400 rpm). Temperature increasing
was measured with a thermocouple placed at the geometric center of
the sample volume. The resulting dispersion was sonicated for 20 min
at 40 Hz in ultrasonic bath model 5510 (Brason Ultrasonics Corp., Dan-
bury, USA), and vacuumed. The steps for filmogenic solution
Fig. 1. Schematic representation of the pre-treatment steps of Alicante Bouschet grape pomace. Cellulose extraction, acid hydrolysis process and cellulose nanocrystal production.
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the casting technique, where a constant amount of filmogenic solution
(28 mL) was casted in round acrylic plates (90 × 15 mm) and dried at
35± 1 °C for 24 h in oven with air circulation SL 102 (Solab, Piracicaba,
Brazil).
2.4. Characterization of grape pomace, cellulose and cellulose nanocrystals
2.4.1. Yield analysis
The pretreatment yields were determined by the ratio between the
final mass of the pomace in each step (dry basis) and the initial mass
of the fresh (in natura) pomace (dry basis) according to Eq. (1):
Yield %ð Þ ¼ Final mass=Initial massð Þ  100 ð1Þ
2.4.2. Color analysis
The color of the samples was determined in a digital colorimeter
model Chroma Meter CR-400 (Konica Minolta, Osaka, Japan), using
the CIELab scale to determine L*, a* and b* color parameters [43]. The
sample was poured in a Petri dish with 5 cm diameter covering the en-
tire bottomof thedish, and the readingwas performed in three different
points. The total color difference (ΔE*) was calculated in relation to




ð Þ2 þ a−a0ð Þ2 þ b−b0ð Þ2
q
ð2Þ
In this study, L*0, a*0 and b*0 stand for the values of the color param-
eters of fresh grape pomace and L*, a* and b* for the values of the color
parameters of the sample in each step.
2.4.3. Scanning electron microscopy (SEM)
The morphological aspect of the samples after each pretreatment
step was evaluated in a thermionic TM3000 scanning electron micro-
scope (Hitachi, Tokyo, Japan) with an acceleration voltage of 15 kV.Fig. 2. Scheme for the production of starch films reinfor2.4.4. X-ray diffraction (XRD)
The X-ray diffraction patterns of grape pomace samples, cellulose
and CNCs were analyzed between 2Ɵ = 5° and 2 Ɵ = 32° with a step
of 0.04°.min−1 in an X-ray diffractometer (Bruker, Rheinfelden,
Germany) working at 30 kV, 10 mA, a divergence slit width of
0.6 mm, a scatter slit width of 0.6 mm and a receiving slit width of
0.2 mm.




where I002 is the maximum intensity diffracted peak at 2θ = 22.5°, and
Iam is the intensity attributed to the amorphous components at
2θ = 18°.
2.4.5. Scanning-transmission electron microscopy (STEM)
The samples were observed using a transmission electron micro-
scope JEM-2100F (JEOL Ltd., Tokyo, Japan) operated at an acceleration
voltage of 200 kV. The images were obtained in STEM mode using a
dark field (DF) annular detector (JEOL). A 10 μL sample was deposited
onto a TEM grid (ultrathin carbon film on Lacey Carbon Support film,
400 mesh, Copper, Ted Pella Inc., USA).
2.4.6. Thermogravimetric analysis (TGA)
Thermal stability was determined in a TGA-2000 automatic analyzer
(Navas Instruments, South Carolina, USA). The samples (~0.5 g) were
placed in the balance system and heated from 20 to 550 °C, at a heating
rate of 20 °C min−1 under nitrogen atmosphere.
2.5. Film characterization
2.5.1. Packaging
Dried films were stored in desiccators at 25 °C and relative humidity
of 54%, using a saturated solution of Mg(NO3)2. 6H2O.ced with cellulose nanocrystals (nanocomposites).
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Film thickness was measured with a portable micrometer (Starrett
232, São Paulo, Brazil). Thickness measurements were taken at ten
randomic points and the mean value was used to determine water
vapor permeability and mechanical properties.
2.5.3. Moisture content (MC)
Films were dried at 105 °C in an air-circulating oven for 24 h. The
mass of the films before and after drying was determined gravimetri-
cally and moisture content was calculated using Eq. (4):
MC %ð Þ ¼ Mi−Mf
Mi
:100 ð4Þ
whereMi andMf are themasses of the initial and dried samples, respec-
tively. The experiments were performed in triplicate and expressed the
percentage of water removed from the initial sample.
2.5.4. Film solubility (Sol)
Film solubility (Sol) in water was determined by immersion of the
dryfilms inwater as reported by Cuq, Gontard, Cuq, & Guilbert [39]. Sol-
ubility value was calculated using Eq. (5)
Sol %ð Þ ¼ Mi0−Mf 0
Mi0 :100 ð5Þ
where Mi is the initial mass of the sample, Mf the final mass of the sam-
ple and Sol represents the solubility percentage of the film.
Triplicates of each film were cut into circles of 2 cm diameter, dried
at 105 °C in oven for 24 h and weighed. Then, the samples were im-
mersed into 50 mL of water, sealed with paraffin and shaken in an or-
bital shaker at 60 rpm for 24 h at 25 °C. The non-soluble portion of
each film was removed and dried at 105 °C in an oven during 24 h
and weighed again to determine the weight of the dry matter.
2.5.5. Water vapor permeability (WVP)
WVP of the films was gravimetrically determined based on ASTM
E96–92 method [40]. The film was sealed on the top of a permeation
cell containing distilled water (100% RH; vapor pressure of 2337 Pa at
25 °C) and placed in a desiccator with silica gel at 25 °C and 0% RH
(0Pawater vapor pressure). The cupswereweighed at 2 h intervals dur-
ing 8 h. Thewater transferred through thefilm and adsorbed by the des-
iccant was determined from the weight loss of the permeation cell.
Steady and uniform state ofwater pressure conditionswere assumed
by keeping constant air circulation outside the test cup by means of a
miniature fan placed inside the desiccators [41]. The slope of the curve
representing weight loss versus time was obtained by linear regression.
2.5.6. Contact angle
An optical contact angle meter CAM 101 (KSV Instruments Ltd.,
Helsinki, Finland) was used to measure the contact angle on the
film surface by sessile drop method [42]. Each measurement was
taken within 10 s with a 500 μL syringe (Hamilton, Reno, USA) and
0.75 mm diameter needle. At least 10 measurements were taken
for each sample at ±25 °C.
2.5.7. Apparent color and opacity
The color of the films was determined with a spectrophotometer
Chroma Meter CM-5 (Konica Minolta, Tokyo, Japan). The CIELab scale
was used to determine the color parameters L*, a* and b * [43]. Opacity
(Y) was determined from the relationship between the opacity of each
sample on the black standard (Yb) and the opacity of the sample on
the white standard (Yw) [44], using Eq. (6).
Y %ð Þ ¼ Yb
Yw
:100 ð6Þwhere Yb and Yw are the opacities on the black and white patterns, re-
spectively. The samples were analyzed in triplicate.
2.5.8. Scanning electron microscopy (SEM)
The effect of CNC incorporation in the film was obtained in relation
to surface and cross-section morphology using a scanning electron mi-
croscope (SEM) TM3000 (Hitachi, Tokyo, Japan) with acceleration volt-
age of 15 kV under vacuum condition.
2.5.9. Mechanical properties
The films were analyzed as their performance in the tensile test in a
Texture Analyzer TA XT Plus (Stable Microsystems, Surrey, UK), fit with
a load cell of 30 kg, following the ASTM D 882-02 (2010) method. The
films were sized on 120 mm long and 20 mm wide specimens. These
specimens were fixed in the equipment grips with initial distance be-
tween them of 100 mm and tensile speed of 5 mm min−1. The stress
at break was determined by the relation between load and the initial
cross-sectional area of the film. Strain at break was determined by the
stress-strain curve (linear strain [(l - lo)/lo]). Young's modulus or mod-
ulus of elasticity was determined in the linear region. Results were ana-
lyzed using Texture Exponent 32, version 6.0 software (Stable
Microsystems, Surrey, UK).
2.5.10. X-ray diffraction (XRD)
X-ray diffraction patterns of the samples were analyzed between
2Ɵ=4 and 2Ɵ=30with a step of 2Ɵ=0.02° in a bench X-ray diffrac-
tion instrument D2 Phaser (Bruker, Rheinfelden, Germany) working at
30 kV, 10 mA, a divergence slit width of 0.6 mm, a scatter slit width of
0.6 mm and a receiving slit width of 0.2 mm.
2.5.11. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was conducted in an automatic
analyzer TGA-2000 (Navas Instruments, South Carolina, USA). The sam-
ples (~0.5 g) were heated from 20 to 450 °C at a heating rate of
10 °C min−1, under nitrogen atmosphere (with flow speed of 30 mL.
min−1). The thermogravimetric curves (TG) show the mass loss of the
samples analyzed as a function of heating temperature, while the curves
of the first derivative (DTG) show the speed of the sample's mass loss as
a function of temperature. They are used to identify the temperature
peaks where thermal degradation of the sample occurs. Analyses were
carried out in triplicate.
2.6. Statistical analysis
One-way ANOVA was applied for data analysis, when observed sig-
nificant differences between treatments, the means were compared ac-
cording to Tukey's test at significance level of 5% (= 0.05). Statistical
analyses were performed using the Statistica version 8.0 (StatSoft Inc.,
Tulsa, USA).
3. Results and discussion
3.1. Characterization of pretreatment of grape pomace residue and cellulose
nanocrystals
3.1.1. Yield analysis
The pretreatment process applied to fresh grape pomace to obtain
cellulose presented a yield of about 12%. The extraction yield was
lower than that reported by Lu&Hsieh [37],who obtained an extraction
yield of 16.4% for cellulose from grape skin using a similar extraction
protocol. Coelho et al. [2] extracted up to 10% cellulose from grape pom-
ace, using an extraction method very similar to that used in this study.
These results show the influence of the type of residue and the extrac-
tion process used. The use of hydrolysis can potentiate CNC yield from
grape pomace by up to 70% ± 7.06 [2]. Acid concentration, reaction
time, amount of cellulose per volume of acid used, cellulose purity and
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ence on CNC production [45,46].
3.1.2. Color analysis
The effect of different chemical treatments on the visual appearance
of the raw material during cellulose isolation can be observed in Fig. 1.
The Table 1 shows the color values for each process step.
The fresh sample showed color characteristic of red grape skin, being
close to the middle of the chromacity diagram a*, b* and dark hue (L*).
Demirkol and Tarakci [47] analyzed grape pomace (cv Isabella), dried in
oven at 60 °C and observed a* (red component) values and b* (yellow
component) values similar to this study (17.33 and 5.10, respectively),
however the pomaces were darker (22.86, L*), which may be due to
the differences in the cultivars studied.
After ethanol treatment itwas possible to observe a slight trend from
red to yellow, because °hue presented values around 20.01°. In relation
to Chroma, low values represent less vivid color intensity; L* and a*
valueswere lower, characterizing a darker and less reddish-purple sam-
ple when compared to the fresh sample (p b .05). More accentuated
darkening was observed after acid treatment, although Chroma pre-
sented a higher value than that of previous step (p b .05), the value
found represents not very vivid color intensity, with °hue similar to
the previous step. In the alkaline treatment, constituents such as starch,
pectin and hemicellulose are hydrolyzed [48] making the sample more
yellowish, 50.77° (p b .05), due to °hue and became lighter (L* 40.48;
p b .05).
Bleaching I promoted lighter brown color, despite the good lightness
gain (37.51 in the freshwaste and76.69 in this step), the yellowish color
of the residuewith °hue of 80.85° and b* of 20.62, indicates the presence
of residual lignin impregnating the fibers [49]. On the other hand, after
bleaching II there was a gradual discoloration from brown to white,
with higher values of L*and °hue (p b .05), with a more significant
color difference compared to the fresh sample (ΔE 75 ± 0.40; p b .05),
indicating successful removal of the remaining lignin responsible for
the yellowish color [48]. Consequently, the purification process elimi-
nated initial non-cellulosic components and the impurities of the final
product.
The H2O2, used as bleaching agent, resulted in the generation of
highly reactive species of superoxide radicals (O2−), responsible for
the oxidation of lignin aromatic rings and parts of hemicellulose by car-
boxylic acids. In this sense, bleaching removed the chromophore groups
from the raw material fiber [50]. Lu & Hsieh [37] and Jiang and Hsieh
[20] evidenced the effectiveness of alkaline H2O2 during the bleaching
stage in grape and tomato skins.
3.1.3. Morphology of grape pomace and cellulose nanocrystals
The fresh sample (in natura) (Fig. 3A) showed fiber bundles and an
irregular surface consisting of lignin, hemicelluloses and other extrac-
tives such as waxes and pectins that may be adhered to the raw
material.
After ethanol (Fig. 3B), sulfuric acid (Fig. 3C) and alkaline (Fig. 3D)
treatments, the solid residue presented more separated fiber bundlesTable 1
Pomace color parameters after bleaching and after different chemical pre-treatments condition
Solid waste L* a* b*
In natura (grape pomace) 37.51 ± 0.07d 15.11 ± 0.05a 4.4
After ethanolic extraction 26.66 ± 0.05e 12.25 ± 0.05c 4.4
After acid extraction 24.25 ± 0.21f 13.54 ± 0.07b 5.1
After basic extraction 40.48 ± 0.43c 6.52 ± 0.12d 7.9
After bleaching I 76.69 ± 1.05b 3.32 ± 0.07e 20.
After bleaching II (cellulose) 93.63 ± 0.59a −2.20 ± 0.10f 7.3
Values in the same column followed by different letters are statistically different (Tukey test, p
Values reported are the mean ± standard deviation.which was mainly attributed to the removal of pectins, waxes, extrac-
tives, acid-soluble polysaccharides and polyphenols, hemicellulose and
other polysaccharides soluble in alkaline medium [37].
After bleaching I (Fig. 3E), there was partial elimination of lignin
from the fiber surface, which appears more exposed as evidenced by
cracks. The cellulose extracted from pomace is shown in Fig. 3F. After
bleaching II, the fiber surface became rougher and showed microfibril
bundles, composed by fibrils, becoming more visible and slight detach-
able from the fibers, as described by Dufresne et al. [51], Lu & Hsieh [37]
and Xie et al. [46].
The hydrolysis treatmentwith sulfuric acid and theultrasound treat-
ment were able to cleave transversally the amorphous region of cellu-
lose microfibrils and CNCs were then obtained. In this manner, there
was a reduction of fiber length from microns to nanometers [52,53].
STEM image of CNCs indicating regular needle shape is shown in
Fig. 4. This morphology is similar to that of other CNCs obtained from
other agroindustrial wastes [37,46,52,53].3.1.4. X-ray diffraction (XRD)
XRD patterns of all studied samples are shown in Fig. 5. Both, cellu-
lose from grape pomace and CNCs presented typical crystalline peaks of
type I cellulose (2θ: 15–16° [110] and 22.5° [200]). The same crystalline
structure was observed in CNCs obtained from different types of ligno-
cellulosic wastes [23, 20,54,55].
More defined and high intensity peaks were observed in cellulose
and CNC peaks. The cellulose presented CrI of 64% and CNCs 71% evi-
denced that the pretreatment steps were effective in removing a signif-
icant fraction of amorphous structures (hemicelluloses and lignin). Acid
molecules diffuse more easily into cellulose amorphous regions, which
are more susceptible to cleavage of glycoside bonds than the more
compacted crystalline domains [23]. Coelho et al. [2] reported the effi-
ciency of the production of cellulose and CNCs from Pinot Noir grape
pomace and similar crystallinity indices. Crystallinity is an important
factor for the use of this nanomaterial in nanocomposites, because it is
responsible for much of the high stiffness provided by CNCs in poly-
meric matrices [22].3.1.5. Thermal property analysis
The thermal degradation behavior of fresh grape pomace, cellulose
and CNC was investigated by TGA and derivative thermogravimetric
curve (DTG). The thermograms obtained are shown in Fig. 6.A and B
and the correspondent data are listed in Table 2.
All samples showed a small mass decrease around 100 °C which re-
sults from the evaporation of adsorbedmoisture, due to the hydrophilic
nature of these cellulosic materials [2,23,52]. Fresh pomace and cellu-
lose presented similar initial thermal degradation (Tonset), whereas
CNCs showed the lowest Tonset and highest degradation temperature
(Tmax). The smaller thermal stability of CNCs when compared to the
fresh pomace was also observed in CNCs from tomato skins [20], vine
shoots [55] and pinneaple crown waste [23]. Such authors reported
that sulfate groups, from the hydrolisis with H2SO4 on CNC surface,s.
Chroma °Hue ΔE
5 ± 0.07c 15.76 ± 0.03b 16.58 ± 0.30d –
6 ± 0.09c 13.04 ± 0.02d 20.01 ± 0.45c 42.99 ± 0.15c
3 ± 0.13c 14.48 ± 0.11c 20.74 ± 0.38c 42.41 ± 0.29c
8 ± 0.09b 10.31 ± 0.09e 50.77 ± 0.68b 42.90 ± 0.11c
62 ± 0.70a 20.89 ± 0.68a 80.85 ± 0.50b 54.62 ± 1.00b
9 ± 0.53b 7.71 ± 0.53f 106.61 ± 0.59a 75.00 ± 0.40a
b .05).
Fig. 3. SEM images of (A) grape pomace in natura (×200, scale bar: 500 μm), (B) residue after ethanolic extraction (×200, scale bar: 500 μm), (C) residue after acid extraction (×200, scale
bar: 500 μm), (D) after alkaline extraction (×300, scale bar: 300 μm), (E) first bleaching (×200, scale bar: 500 μm), and (F) second bleaching (×300, scale bar: 300 μm).
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reaction.
In both, fresh grape pomace and cellulose samples, two decomposi-
tion peaks were observed near 160 and 220 °Cwhichmay be associated
with the successive degradation of different lignocellulosic fractions,
such as hemicellulose, lignin and pectin, which present low decomposi-
tion temperature. However, these peaks were not clear in CNC samples.
CNCs presented less carbonized residues (1.37%) (ashes)when com-
pared to cellulose (22.10%) and fresh (in natura) pomace (28.88%)
(Table 2), which was probably related to lignin degradation process
that persisted up to temperatures higher than 500 °C, due to the higher
thermal stability of benzene-propane structure, when compared to
polysaccharides, such as cellulose and hemicellulose [23], evidencing
the removal of these components from CNCs.3.2. Characterization of the films
3.2.1. Thickness, moisture content (MC), solubility (Sol), water vapor per-
meability (WVP), and contact angle (CA°) of nanocomposite films
Thickness, water vapor permeability (WVP) and contact angle (CA)
values of the nanocomposites are shown in Table 3. Moisture content
(MC) and solubility (Sol) results are shown in supporting information
of Table 1.
Film thickness may affect some physical properties, such as water
vapor and gas permeability, mechanical properties and opacity. The in-
corporation of 5, 10 and 15% of CNCs negatively influenced thickness in-
crease of the films (p b .05). It is known that a greater thickness is due to
higher amount of solids present in the nanocomposites. Machado et al.
[56] produced nanocomposites with thickness of 0.15 mm by adding
Fig. 4. STEM-DF micrographies of cellulose nanocrystals extracted from grape pomace.
Bright contrasts correspond to the cellulose nanocrystals.
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higher than the observed in this study, probably due to the higher starch
content (6%) present in film formulation.
CNC incorporation did not significantly change themoisture content
and solubility of nanocomposites (p N .05) when compared to the con-
trolfilm.Different resultswere found byNoshirvani et al. [57]. These au-
thors reported that as CNC content increased from 3% to 20%, the
solubility in water of nanocomposites of potato starch/polynilic alco-
hol/CNC decreased from 20.85% to 11.92%, respectively (p b .05). This
finding may be associated with the hydrogen bond created between
starch hydroxyl groups and CNCs, which leads to the formation of
three-dimensional cellulose networks. This 3D generated network
limits polymer solubility and leads to network reinforcement, which re-
stricts the movement of low-molecular weight polymers and other
compounds towards water [57]. Nanocomposite solubility remained
low even with small concentrations of CNCs incorporated in the filmsFig. 5. XRD spectra of grape pomace in natura, cellulose and CNC isolates.(e.g. 12.32% in ST 1% CNCs), i.e., due to good dispersion, even at low con-
centrations, the addition of CNCs was effective in promoting hydrogen
bonds between polymers, able to reduce the interaction between
water and film.
As shown in Table 3, regardless the percentage of CNCs added to the
ST matrix,WVP significantly decreased (p b .05) when compared to the
control film. According to Noshirvani et al. [57] the presence of CNC is
able to increase the tortuosity of water molecules in the polymeric ma-
trix, and therefore, reducingWVP, as confirmedby our previous XRD re-
sults on CNCs.
The permeability of control film was 7.5 ± 0.35 g x h.m.Pa−1, after
the reinforcement with CNCs the WVP values decreased. The addition
of 1 and 2% CNCs in starch films presented the lowest WVP values
(4.25 and 4.55 × 10−7 g x h.m.Pa−1), respectively. However, when
CNC increased in the nanocomposites, (5%, 10% and 15% CNCs), WVP
significantly increased (p b .05). Therefore, in those concentrations (1
and 2% CNCs), CNC couldwell disperse in the STmatrix, providing a tor-
tuosity increase of water molecules in the polymeric matrix, thus de-
creasing WVP. Balakrishnan, et al. [16] reported that the incorporation
of 1 to 4% of cellulose nanofibers (CNF) in starch nanocomposites re-
duced the WVP, due to the good dispersion of nanofibers in ST based,
hence producing strong hydrogen bonding that hinders water mole-
cules to enter into the nanocomposites. However, 3% of CNF presented
lower WVP. According to these authors, 4% CNF in starch films pre-
sented agglomeration of nanostructures increasing WVP.
The barrier improvement to moisture in polymeric films with CNC
incorporation has been shown by Noshirvani et al. [57]. Those authors
reported that the incorporation of 3 to 15% was able to reduce WVP,
however 20% of CNC in potato starch/polyvinyl alcohol/CNC nanocom-
posites presented agglomeration of nanostructures increasing WVP,
which led to a faster diffusion of water vapor through the film.
Starch is characterized as a hydrophilic polymer [38]. The low value
of CA indicates the high wettability capacity of a water drop on the sur-
face of suchfilms. Experimental results listed in Table 3 indicate that the
addition of CNCs to ST matrix can significantly increase CA and, there-
fore, increases the hydrophobicity of nanocomposites in comparison
with ST control films. However, this improvement depends on the
amount of CNCs: the incorporation of up to 10% CNCs to the matrix
led to increased CA. This behavior corresponds to the highly crystalline,
hydrophobic characteristics of CNCs, when compared to starch [58].
However, when reinforcement concentration increased to 15% of
CNCs, CA value did not differ from that of the control film, which may
be attributed to the possible aggregation caused by the higher CNC con-
centration in the matrix. Therefore, an adequate concentration of CNCs
leads to the formation of strong interactions of hydrogen bonds be-
tween ST and CNCs, able to increase CA and reduce WVP, as previously
observed.
Similar results were found by Slavutsky & Bertuzzi [59], who re-
ported a major hydrophobicity improvement in the surface of nano-
composite films based on ST and 3% CNCs obtained from sugarcane
bagasse, when compared to films containing just ST. Similarly,
Noshirvani et al. [57] showed CA increase in nanocomposites when
CNC content increased from 0 to 20%.
3.2.2. Apparent color and opacity
Table 4 shows surface color properties and the total color difference
(ΔE) of composite films. The values of L* and ΔE did not present signif-
icant difference after the incorporation of different concentrations of
CNCs (p N .05); however, a* values decreased and b* values increased
with the incorporation of 5, 10 and 15% CNCs, having yellowish hue.
Similar behavior of the optical properties of agar films was reported
by Shankar & Rhim [60], who evidenced that the incorporation of
CNCs (0–5%) as reinforcement material had a significant effect on the
color of the films.
Nanocomposites with low CNC concentrations (1 and 2%) were as
transparent as the control, but after the addition of higher amounts (5,
Fig. 6. (A) TG curves and (B) DTG curves of grape pomace in natura, cellulose and CNCs isolated from grape pomace.
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creased the transparency of the starch film with the increase of CNC
content. According to Li et al. [38] composite films present opacity in-
crease due to the strong interaction between CNCs and the starch ma-
trix, as well as to the light dispersion of added CNCs. The low effect of
CNCs on film opacity observed in the present study may be explained
by the adequate dispersion of CNCs in the starch matrix. Similar results
were found byOliveira et al. [61]who observed only significant increase
of film opacity when 10% CNCwas added to agar films. In addition to its
high transparency and excellent dispersion at the nanoscale, potato
starch/CNCs films are UV resistant, which has been found by other au-
thors [62].Table 3
Effect of CNC concentration on the thickness, moisture content (MC), solubility (Sol), wa-








(g h−1 m−1 Pa−1)
Control 0.08 ± 0.01c 7.5 ± 0.35a 26.10 ± 5.50b
ST 1% CNCs 0.08 ± 0.01c 4.25 ± 0.23d 35.36 ± 7.91a
ST 2% CNCs 0.08 ± 0.01c 4.55 ± 0.22d 35.02 ± 3.51a
ST 5% CNCs 0.09 ± 0.01b 6.63 ± 0.15b 36.79 ± 6.32a
ST 10% CNCs 0.10
± 0.01ab
5.33 ± 0.36c 33.84 ± 4.82a
ST 15% CNCs 0.11 ± 0.01a 6.02 ± 0.11bc 29.54 ± 5.46ab
Values represent the mean ± standard deviation.
Values in a column having different superscripts are significantly different (p b .05).3.2.3. Scanning electron microscopy (SEM)
SEM images of the surface and cross-section of the films are shown
in Fig. 7. All films presented characteristics of homogenous, continuous,
smooth surfacewithout pores or granules and bubbles free (Fig. 7b), in-
dicating good CNC dispersion in ST matrix.
SEM micrograph of the cross-section of the control film (Fig. 7a –
Control) shows a heterogeneous surface with discontinuous gaps in
the matrix, whichmay explain the highWVP found in these films com-
pared to films added by CNCs, since the formation of pathsmay facilitate
the passage of water vapor, as previously reported.
It is evident that the roughness of the cross-section of the films in-
creases when CNCs are added to the ST based film. The smaller concen-
trations of CNCs added, 1 and 2% provided rough structures, although
without phase separation (Fig. 7a – ST 1% CNCs and ST 2% CNCs). In ad-
dition, the homogeneity of the films may be linked to the lowest WVP
values found in the films added of the the lowest concentrations of
CNCs. These results indicate excellent compatibility between both com-
ponents, starch and CNCs, mainly in low amounts.
However, films added of 5, 10 and 15% CNCs presented phase sepa-
ration along the cross-section, with smoother and denser layer and an-
other rougher layer (detail shown by the arrow in the correspondingTable 2
Thermal behavior of grape pomace in natura, cellulose and CNCs isolated from grape pomace.
Samples Tonset (°C) Tmax (°C)
Grape pomace in natura 230 ± 9.61a 381 ± 7.64a
Cellulose 232 ± 2.65a 365 ± 9.64ab
Cellulose nanocrystals 203 ± 23.69b 348 ± 9.29b
Values represent the mean ± standard deviation.
Values in a column having different superscripts are significantly different (p b .05).figures) (Fig. 7a – ST 5% CNCs, ST 10% CNCs and ST 15% CNCs). These
films, added of the bigger concentrations of CNCs, are more permeable
and more opaque, which are characteristics ascribed to aggregations
of nanocrystals [63].
Nessi et al. [64] observed that the incorporation of 1.5 and 2.5% of
CNCs in starch films produced homogeneous and smooth nanocompos-
ites film. When adding 5 and 10% CNC, small voids and discontinuities
appear in the nanocomposite. The authors report that this roughness
can come from an aggregation of particles, making the materials less
homogeneous.
Liu et al. [65] studied the effect of the incorporation of CNCs, ob-
tained from acid hydrolysis of bleached flax in ST films. They reported
that the incorporation of sulfate groups during hydrolysis resulted in a
negatively-charged cellulose surface. At this stage, an anionic stabiliza-
tion occurs through attraction/repulsion electric forces and thus, the
aqueous suspension formed by CNCs becomes stable and uniform.
Also, according to those authors, when the mixture of ST and CNCs oc-
curs, followed by heating of the solution and subsequent evaporation% of degradation at Tmax Ash content at 550 °C
61 ± 2.65a 28.88 ± 0.51a
57 ± 4.58a 22.10 ± 3.58b
63 ± 1.53a 1.37 ± 2.16c
Table 4
Apparent color and opacity of ST/CNCs composite films.
Film L* a* b* ΔE Opacity (%)
Control 93.75 ± 0.26a −0.09 ± 0.00c −0.06 ± 0.02c – 4.28 ± 0.47b
ST 1% CNCs 94.51 ± 0.18a −0.10 ± 0.00c −0.08 ± 0.03c 0.76 ± 0.44a 4.27 ± 0.36b
ST 2% CNCs 94.54 ± 0.16a −0.09 ± 0.01c −0.08 ± 0.05c 0.79 ± 0.16a 4.38 ± 0.50b
ST 5% CNCs 93.75 ± 0.95a −0.12 ± 0.01ab 0.23 ± 0.11b 0.81 ± 0.32a 5.48 ± 0.23a
ST 10% CNCs 94.19 ± 0.15a −0.11 ± 0.00bc 0.42 ± 0.07ab 0.59 ± 0.15a 6.35 ± 0.09a
ST 15% CNCs 94.18 ± 0.01a −0.13 ± 0.00a 0.45 ± 0.05a 0.69 ± 0.20a 5.79 ± 0.14a
Values represent the mean ± standard deviation.
Values in a column having different superscripts are significantly different (p b .05).
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tion. Even though the films presented smooth, transparent and uniform
aspects, SEM showed that when nanoparticles were incorporated, the
films presented CNC layers, evidenced by 50,000×magnification. In ad-
dition, layer thickness increase was observed as CNC concentration in-
creased (5 to 20%) and those authors did not observe strong
interactions between CNCs and the ST matrix.
Cao et al. [66] obtained CNCs from hemp homogenously incorpo-
rated to plasticized ST (10 to 30%). The compatibility of the materials
was attributed to factors such as (i) chemical similarities between
starch and cellulose, (ii) interaction of hydrogen bonds between CNCs
and the matrix and (iii) effect of CNC nanometric size.
3.2.4. Mechanical properties
Data on the effect of different CNC concentrations incorporated in ST
films are presented in Fig. 8. In general, there was a significant increase
of tensile strength (TS) (Fig. 8A) and Young's modulus (YM) (Fig. 8C),
whereas elongation at break (%) (EB) (Fig. 8B) decreased in films with
higher incorporations of CNCs (ST 5% CNCs, ST 10% CNCs and ST 15%
CNCs).Fig. 7. Scanning electronmicroscopy images of (a) cross-section and (b) surface for pure starch
CNCs), 10 (ST 10% CNCs) and 15 (ST 15% CNCs) wt% CNWs.The values of TS significantly increased with CNC incorporation to
24.64, 21.47 and 21.38 MPa, for the films ST 5% CNCs, ST 10% CNCs
and ST 15% CNCs, respectively, which presented significant difference
in relation to the Control films, ST 1% CNCs and ST 2% CNCs. However,
ST 1% CNCs and ST 2% CNCs films did not significantly differ from the
control film. (14.88, 13.03 and 16.28 MPa, respectively). The TS values
of nanocomposite films can be compared to some commercial petro-
leum based films, such as low-density polyethylene (LDPE) (8–10 MPa),
polypropylene (PP) (27–98 MPa), polystyrene (PS) (31–49 MPa) and
polylactic acid (PLA) (45 MPa) [67].
EBwas higher in the control film (13.11%)with significant difference
in relation to the nanocomposites. The addition of small concentrations
of CNCs, ST 1% CNCs and ST 2% CNCs, was able to decrease EB (8.09 and
10.29%, respectively), whereas ST 5% CNCs, ST 10% CNCs and ST 15%
CNCs films presented lower values of EB, 4.26, 4.46 and 3.66%,
respectively.
One the other hand, YM increased in ST 5%CNCs, ST 10%CNCs and ST
15% CNCs nanocomposites (20.96, 17.68 and 17.22 MPa, respectively).
The high values of YM may be explained by the reinforcement effect
caused by CNC in higher concentrations, may be attributed to the strong(control), and starch composite films containing: 1 (ST 1% CNCs), 2 (ST 2% CNCs), 5 (ST 5%
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ever, the decrease of EB indicates that CNC incorporation restricts the
movement of ST matrix due to the similarities of chemical structure of
cellulose and ST that promote strong interactions between them [66].
The results show that the incorporation of CNCs from 5% of the CNCs
caused a mechanical reinforcement. The heterogeneous micrograph of
the nanocomposites films caused by the aggregation of the CNCs
seemed not affect the mechanical and barrier properties, as shown ear-
lier, also noticed previously by Silva et al. [63] on starch films addedFig. 8. Values of mechanical properties for ST/CNCs nanocomposites. Tensile strength
(MPa) (A), Elongation (%) (B) and Young's modulus (MPa) (C) of Control, ST 1%, ST 2%
CNCs, ST 5% CNCs, ST 10% CNCs and ST 15% CNCs. Values represent the mean ±
standard deviation. Values in columns with different letters are significantly different
(p b .05).with CNCs; but instead, these properties have improved with the incor-
poration of nanocrystals.
Gray et al. [13] observed that themechanical properties of resistance
of nanocomposites of thermoplastic starch considerably improved by
CNC addition. However, those authors verified poor dispersion of
greater concentrations of CNCs in the starch matrix and consequently,
less resistance of the films.
Some studies described the effects of CNCs improving both, YM and
TS but reducing EB. Yadav et al. [67] observed increase of TS and de-
crease of EB in alginate/CNCs films with 5 wt% CNCs, that exhibited
greater TS (35.5 MPa) than pure alginate films (25.6 MPa) and greater
EB (14.3 MPa) than pure alginate films (17.1 MPa).3.2.5. X-ray diffraction (XRD)
The X-ray diffraction patterns were carried out based on the addi-
tion of CNC content, and the correspondent diffractograms are
shown in Fig. 9. The control film presented a typical pattern of type
β crystallinity, with peaks at 2θ = 5.9 (characteristic of type B poly-
morphous), 2θ = 17° (characteristic of Type A and B polymorphous
and 2θ = 22.5° (characteristic of type B polymorphous). These re-
sults are consistent with previous studies by Talja [68] and Li et al.
[38]. According to Rico et al. [17] and Li et al. [38] the crystalline
structure of ST may be attributed to two types of crystallinity: resid-
ual crystallinity and crystallinity induced by the process. Residual
crystallinity is caused by the incomplete melting of native ST during
processing or even by the reorganization of ST molecular chains in
their native arrangements. On the other hand, induced crystallinity
is caused by crystallization of amylose chains complexed with plasti-
cizers (such as glycerol) in unique helicoidal structures, that can be
induced during heating, where strong interactions between OH
groups from ST molecular chains are replaced by hydrogen bonds
formed between ST and the plasticizer [17,38]
Three well-defined diffraction peaks were found in nanocomposites
films, located at 2θ= 16–17°, 19° and 22.5°. The peaks at 2θ= 16–17°
and 2θ = 22.5° may be attributed to cellulose I typical structure, as ob-
served in previous CNC analysis. The intensity of those peaks signifi-
cantly increased with the increase of CNC content. In ST 10% CNCs and
ST 15% CNCs films these peaks are more intense and may be attributed
to the highly enriched cellulose regions, indicating that high degree of
crystallinity. Rico et al. [17] and Li et al. [38] also observed intensity in-
crement of these peaks with increasing CNC content. The physical andFig. 9.XRD analysis of ST/CNCs nanocomposites. – Control, ST 1%, ST 2% CNCs, ST 5%
CNCs, ST 10% CNCs, and ST 15% CNCs.
Table 5
Tonset (°C) and Tmax (°C) of ST/CNCs composite films.
Film Tonset (°C) Tmax (°C)
Control 307 ± 3.21c 335 ± 2.65ab
ST 1% CNCs 303 ± 5.20c 324 ± 0.58c
ST 2% CNCs 294 ± 6.93bc 336 ± 3.06a
ST 5% CNCs 287 ± 3.51b 334 ± 5.29ab
ST 10% CNCs 281 ± 6.03b 328 ± 0.58bc
ST 15% CNCs 266 ± 6.03a 328 ± 1.53bc
Values represent the mean ± standard deviation.
Values in a column having different superscripts are significantly different (p b 0 .05).
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crystalline morphology and crystal forms of CNCs [67].3.2.6. Thermogravimetric analysis (TGA)
The thermogravimetric stability of the films was assessed by TGA.
The values of Tonset and Tmax are listed in Table 5. Fig. 10a shows the
thermogravimetric curve (TG) and Fig. 10b the derivative thermogravi-
metric curve (DTG). It is observed that TG curves evidenced essentially
the same behavior, indicating a similar degradation mechanism with
temperature increase.
Weight loss during heating of ST materials occurred mainly in two
stages. First, there was a drop up to near 250 °C, associated to evapora-
tion of lowmolecular weight molecules (first water and then glycerol).
In this stage, the first peak is associated with the process of water evap-
oration, characteristic phenomenon of a polysaccharide of hydrophilic
nature under temperature increase from 82 to 92 °C. The second peak,
around 200–250 °C, could be attributed to the presence of glycerol
and varies from178 °C to 243 °C. The seconddegradation stage occurred
in the range from 270 to 400 °C and may correspond to the ST thermal
decomposition coupled to CNC degradation that occurs at similar tem-
peratures [17].
Control, ST 1% CNCs and ST 2% CNCs films presented higher values of
Tonset (307 °C, 303 °C and 294 °C, respectively), but when CNC was
added in concentrations of 5–15% those values decreased. Tmax was
higher in ST 2% CNCs film, however, it was not significantly different
from control and ST 5% CNCs films. Higher CNC concentrations incorpo-
rated in ST 10% CNCs and ST 15% CNCs films presented lower Tmax, but
not significantly different from ST 1% CNCs film. Although Tmax pre-
sented a similar value for all composites, with difference of just 9 °C,
in general, nanocomposites did not present improved thermal stability
when compared to pure ST film.Fig. 10. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves for
CNCs and ST 15% CNCs.4. Conclusions
It was possible to show the potential of grape pomace to be used as
raw material for obtaining cellulose. The pre-treatment applied was a
successful approach to eliminate initial non-cellulosic components of
the pomace and obtaining a cellulosic material, with values for CrI 64%
and yield of 12% in cellulose.
Cellulose nanocrystals were extracted from cellulose by acid hy-
drolysis led to the production of nano structures shown by STEM.
XRD results showed CNCs exhibited crystalline structure of cellulose
I, CrI of 71%, yield 70% and good thermal stability shown by TGA, im-
portant features for use of these nanocomposites (CNCs) in poly-
meric matrices, allowing their application as reinforcement
materials.
CNCs incorporation was able to decrease WVP values in starch
films. Films with 5 to 15% CNCs appeared more opaque and might
be applied in packaging of foods that are easily degraded when ex-
posed to light. The heterogeneous micrograph of the nanocompos-
ites with 5 to 15% did not affect the mechanical and barrier
properties. These films showed greater tensile strength and Young's
modulus; therefore, stronger network structure possibly cause by
the interaction of CNCs and the starch matrix. In general, nanocom-
posites did not present improved thermal stability when compared
to pure starch film. Such results indicate that the films incorporated
of 5 to 15% CNC have better potential for future applications in the
field of food packaging.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.05.046.
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